Focal cortical dysplasia is the most common malformation of cortical development, causing intractable epilepsy. This study investigated the relationship between brain perfusion and microvessel density in 7 children with focal cortical dysplasia. The authors analyzed brain perfusion measurements obtained by magnetic resonance imaging of 2 of the children and the microvessel density of brain tissue specimens obtained by epilepsy surgery on all of the children. Brain perfusion was approximately 2 times higher in the area of focal cortical dysplasia compared to the contralateral side. The microvessel density was nearly double in the area of focal cortical dysplasia compared to the surrounding cortex that did not have morphological abnormalities. These findings suggest that hyperperfusion can be related to increased microvessel density in focal cortical dysplasia rather than only to seizures. Further investigations are needed to determine the relationship between brain perfusion, microvessel density, and seizure activity.
Focal cortical dysplasia is one of the most common malformations of cortical development, causing intractable epilepsy. Two classifications are classically used to describe them. The morphological Palmini classification distinguishes mild dysplasia/ microdysgenesis from focal cortical dysplasia with further subtypes distinguished according to cytopathological findings. 1 The International League Against Epilepsy (ILAE) Task Force proposed a detailed 3-tiered clinicopathological classification system for focal cortical dysplasia to better characterize specific clinicopathological entities. 2 Although the precise timing of the development of focal cortical dysplasia during ontogenesis is unknown, focal cortical dysplasia is thought to result from abnormal neuronal migration during corticogenesis.
Focal cortical dysplasia is an important cause of pharmacoresistant epilepsy that frequently requires surgical treatment. Prior to surgery for intractable epileptic seizures, multimodal epilepsy imaging, including magnetic resonance imaging (MRI), singlephoton emission computed tomography, and positron emission tomography, is currently used to delineate focal cortical dysplasia and other cortical development malformations. The hyperperfusion and hypoperfusion observed on single-photon emission computed tomography and positron emission tomography have been previously correlated with the hypermetabolism or hypometabolism related to seizures and interictal states and have been used to locate the focus to be removed by surgery.
Some previous observations have shown that focal cortical dysplasia and other malformations of cortical development are associated with cerebral vascular alterations, including anomalies of large blood vessels, and also alterations of the microvasculature that are not only a consequence of epileptic activity. [3] [4] [5] [6] These observations prompted the authors to test the hypothesis that the hyperperfusion observed in focal cortical dysplasia correlates to an altered microvasculature in the affected tissue, especially an increase in the number of small-caliber blood vessels, which can be a contributing factor to, rather than a consequence of, seizures. Thus, this pilot study was designed to investigate the relationship between blood flow measurements based on perfusion imaging by arterial spin labeling and the associated histopathological findings in children with focal cortical dysplasia.
Methods
Seven pediatric patients diagnosed with focal cortical dysplasia by imaging were enrolled for this pilot study. The authors analyzed brain perfusion obtained by MRI in 2 of the children and brain tissue specimens obtained by epilepsy surgery on all of the children. An institutional review board approved this study, and parental consent was obtained.
Details of the selection process are as follows. Over the course of 1 year, 2 of the investigators tested the clinical value of using arterial spin labeling for the first MRI scan of all the infants less than 6 months of age and provided the following results to the remaining team of investigators. For this pilot study, the multidisciplinary team of investigators chose to review the imaging and histology of the patients (obtained over the course of the year) whose specimens were minimally distorted/fragmented or resected ''en block''. Further serial sectioning allowed them to measure the microvessel density in the area of focal cortical dysplasia and surrounding area.
Brain Imaging Analysis
Brain MRI scans were available for the 7 children with focal cortical dysplasia. In addition, the authors studied brain perfusion obtained by MRI and the perfusion imaging obtained by arterial spin labeling for 2 of the children. Blood flow measurements were performed in different brain regions of interest, including the area of focal cortical dysplasia. Focal cortical dysplasia was diagnosed by neuroradiologists using the conventional sequences.
Magnetic resonance imaging was performed using a 3-T Siemens Magnetom Trio (Siemens, Erlangen, Germany), a 32-channel head coil in most cases (Siemens), 7 or a standard 12-channel head coil. A pulsed arterial spin labeling sequence (PICORE Q2TIPS) 8 was acquired together with high spatial resolution anatomic T1-and T2-weighted images, diffusion-weighted images, and spectroscopy. Regional cerebral blood flow maps were obtained using the Siemens ASL Postprocessing Functor (Siemens). Quantitative estimates of regional cerebral blood flow were made using previously described formulas 9 and parameters. 10 Quantification of regional cerebral blood flow was performed using the cerebral blood flow maps. Manually drawn regions of interest were placed bilaterally in 4 types of tissue: cortical gray matter, white matter, basal ganglia, and within the area of focal cortical dysplasia, its edges, and symmetrically on the contralateral side. Measurements were obtained from the right and left sides of the cerebrum in several places for each of these 4 tissue regions to include the variations of perfusion in these areas. Regions of interest were drawn by a single investigator, who was blinded to each patient's characteristics and outcome. For representation and statistical analysis, the ratio of cerebral blood flow ipsilateral to the lesions versus the contralateral side was determined to draw comparisons between the patients of different ages and to eliminate the age-related variation of the cerebral blood flow.
Histopathological Analysis
The authors analyzed the brain tissue specimens obtained from the epilepsy surgery on the 7 children with focal cortical dysplasia. In each case, focal cortical dysplasia was classified according to the Palmini classification 1 and the International League Against Epilepsy classification, 2 using hematoxylin and eosin staining, Klüver-Barrera staining, and Bielschowsky staining.
Immunohistochemistry. There were 5-mm tissue sections of formalin-fixed, paraffin-embedded tissue used for immunohistochemical staining with a monoclonal mouse anti-human CD34 antibody (M7165, DAKO, Carpinteria, CA) (dilution, 1:400; incubation time, 1 hour at room temperature) 11 and a monoclonal mouse anti-human antiphosphorylated neurofilament antibody (SMI-31R, Covance, Emeryville, CA) (dilution, 1:5000; incubation time, 1 hour at room temperature). 12 The reaction was carried out in an automated immunohistochemistry instrument (DAKO). Antigen-antibody reactions were revealed with standardized development times using the DAKO Envision System. Microvessel quantitation. Microvessel quantitation was performed by light microscopy by observers without previous knowledge of the tissue data. One to 3 fields of the highest microvessel count were assessed as previously described, 13, 14 and the result was expressed as a mean value. Briefly, the area of highest microvascular density was selected by scanning at 40Â magnification. Then, the fields of the highest microvessels at 200Â magnification were counted (0.785 mm 2 per field). Any CD34-positive endothelial cells, clearly separated from adjacent neuronal and glial cells, were considered to be a single countable microvessel. Branching structures were counted as a single vessel unless a break occurred in the continuity of the structure. The presence of either a lumen or erythrocyte in the lumen was not required to classify a structure as a vessel. Fragmented staining was not counted as a microvessel because it could represent the fragments of endothelial cells or the edges of dysplastic neurons. Three different areas were used for the measurements: (1) the area of focal cortical dysplasia containing dysplastic neurons; (2) the area ''adjacent to focal cortical dysplasia,'' defined as the nearby cortical region that did not contain any abnormal cortical lamination and/or dysmorphic cells in close proximity to focal cortical dysplasia (ie, < 0.1 cm from the area containing dysplastic neurons); and (3) the area ''surrounding focal cortical dysplasia,'' defined as the cortical area without morphological abnormalities estimated to be situated at least !1 cm away from the area containing dysplastic neurons. One investigator took pictures of the respective fields of view at 200Â magnification for each case and each area, 2 investigators assessed the microvessel count on each picture, and the average value of these 2 counts was determined. For comparison, the authors also calculated the microvessel count of 5 age-matched control tissues obtained from the autopsy material of children without focal cortical dysplasia or epilepsy.
Statistical Analysis
The outcomes of interest in this study were the cerebral blood flow measured by MRI and the microvessel count measured by histopathology. For each outcome, the authors calculated the means and standard errors. To assess the differences in the ratio of cerebral blood flow or the microvessel counts, they performed statistical analyses using the Student t test. A P value < .05 was considered significant.
Results
For the experiments described in this present study, the authors used the brain MRI scans of 7 children with focal cortical dysplasia (perfusion imaging by arterial spin labeling was only available for 2 of these patients) and the brain tissue specimens obtained from epilepsy surgery on these same children ( Table 1) . The age at surgery ranged from 3 months to 14 years. The gender of the children included 3 males and 4 females.
Brain Imaging Analysis
Focal cortical dysplasia was diagnosed on the conventional sequences of these 7 children. Perfusion imaging was obtained only for 2 of the children. The first patient ( Figure 1 ) was 21 days old at the time of her first MRI scan and perfusion imaging scan; she was later operated on at 6 months of age for refractory seizures, and she was diagnosed with focal cortical dysplasia type IIB. The second patient was 4 months old at the time of her first MRI scan and perfusion imaging scan; she was later operated on at 5 months of age for refractory seizures, and she was diagnosed with focal cortical dysplasia type IIA. Both patients underwent their initial MRI scan and thus the perfusion scan for seizure activity, but neither presented with clinically evident seizures at the time of brain MRI. In addition, the electroencephalogram was within normal limits on the same day as the imaging was performed on these 2 patients. Both patients presented different values of cerebral blood flow throughout the cerebral hemispheres. Cerebral blood flow was 33.8 + 0.4 and 89.3 + 3.2 mL/100 g/min in the cortical gray matter, 3.3 + 0.2 and 10.1 + 1.0 mL/100 g/min in the white matter, and 23.5 + 0.6 and 54.1 + 2.9 mL/100 g/min in the basal ganglia, respectively, for each of these 2 patients. However, to draw comparisons between the 2 patients and remove the age-related variation of cerebral blood flow, the ratio of cerebral blood flow ipsilateral to the lesions versus the contralateral side was calculated. Cerebral blood flow within the area of focal cortical dysplasia and adjacent regions was approximately double in both patients compared to the contralateral side (ratio of ipsilateral vs contralateral side: 1.98 + 0.07 and 1.95 + 0.09 within the area of focal cortical dysplasia, respectively, in each of these 2 patients) ( Table 1 and Figure 2 ). In 
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Journal of Child Neurology 28 (11) the remaining morphologically normal parts of the brain, cerebral blood flow was comparable from one side to the other (ratio of ipsilateral vs contralateral brain side: 0.99 + 0.03 and 0.99 + 0.02 in the remaining brain, respectively, in each of these 2 patients) ( Table 1 and Figure 2 ). Statistical analysis revealed the differences in the ratio of cerebral blood flow to be significantly increased within the area of focal cortical dysplasia compared to the remaining parts of the brain (P < .0001). Although the authors recognize the limitations of running a statistical analysis on data obtained for only 2 patients, nonetheless, they decided to present these results due to the highly different values yielded by the analysis.
Histopathological Analysis
Morphological changes were analyzed for a total of 7 children with pharmacoresistant epilepsy. Three patients were classified with focal cortical dysplasia type IIa (Figure 3 ) and 4 patients with focal cortical dysplasia type IIb (Figure 4 ) by both the Palmini classification and the International League Against Epilepsy classification. Areas of focal cortical dysplasia showed abnormal cortical lamination and dysplastic neurons randomly arranged through layers II to VI. An abnormal perikaryon expression of the phosphorylated neurofilament (SMI-31) was noted in the immunohistochemical evaluation of dysplastic neurons. Areas adjacent to or surrounding focal cortical dysplasia were defined as nearby cortical regions that did not contain any abnormal cortical lamination and/or dysmorphic cells, either situated < 0.1 cm from the area containing dysplastic neurons (''adjacent'' area) or at least !1 cm away from the area containing dysplastic neurons (''surrounding'' area).
The mean microvessel count per 200Â field yielded was 82.5 + 9.2 in the area of focal cortical dysplasia and 86.6 + 9.9 in the adjacent area (P ¼ .48; no statistical difference) (Table 1 and Figure 5 ). On the other hand, the corresponding value yielded in the surrounding area was Figure 5 ).
By distinguishing the patients according to their respective subgroup of focal cortical dysplasia, the authors found the same ratio difference. With respect to focal cortical dysplasia type IIa, the mean microvessel count per 200Â field was 98.3 + 17.7 in the area of focal cortical dysplasia, 104.8 + 17.9 in the adjacent area, and 51.3 + 10.7 in the surrounding area. With respect to focal cortical dysplasia type IIb, the mean microvessel count per 200Â field was 70.5 + 3.9 in the area of focal cortical dysplasia, 73.0 + 4.7 in the adjacent area, and 35.0 + 1.3 in the surrounding area. The microvessel count in each respective area seemed to be higher (P .05) in children with focal cortical dysplasia type IIa compared to children with focal cortical dysplasia type IIb. Again, the authors recognize the limitation of running a statistical analysis and drawing conclusions on so few patients.
For comparison, the mean microvessel count per 200Â field in the same brain areas was 34.3 + 8.9 in age-matched control tissues obtained from autopsy material of children without focal cortical dysplasia or epilepsy. This result was similar (P ¼ .31) to the microvessel count of the area surrounding focal cortical dysplasia obtained from the 7 children with focal cortical dysplasia.
Discussion
Classically, hyperperfusion in cases of focal cortical dysplasia has been attributed to functional alterations due to seizure activity. However, the novel findings of the present study indicate that the hyperperfusion observed on imaging highly correlates with the increased microvessel density observed in the morphological studies of patients with focal cortical dysplasia type IIa and IIb (ie, brain perfusion was approximately 2 times higher in the area of focal cortical dysplasia compared to the contralateral side, and the microvessel density was nearly double in the area of focal cortical dysplasia compared to the surrounding cortex that did not have morphological abnormalities). Interestingly, the area adjacent to focal cortical dysplasia, although not containing morphological findings of focal cortical dysplasia (architectural abnormalities, dysplastic neurons, and balloon cells), was as highly vascularized as the area of focal cortical dysplasia. At this point, the authors cannot resolve whether abnormal neuronal migration is causing an abnormal development and increased numbers of vessels in the area of focal cortical dysplasia or conversely whether abnormal blood vessel development has led to the development of focal cortical dysplasia. It is known that prenatal vasculogenesis is required to support normal neuronal migration and maturation; an alteration of this process leads to the failure of normal cerebrovascular development and can have profound implications for central nervous system maturation. 5 Also, additional studies are warranted for patients with focal cortical dysplasia type Ia and Ib, cortical tubers, and other malformations of cortical development to determine if other forms of cortical maldevelopment can have similar findings.
The current understanding is that seizures cause local hypermetabolism and thus hyperperfusion in focal cortical dysplasia. Another possibility raised by the present findings is that the hyperperfusion in focal cortical dysplasia, which correlates with an increase in the number of microvessels in the area affected by focal cortical dysplasia, might thus be a contributing factor to, rather than a consequence of, seizures. Evidence is lacking that seizures cause the growth of additional microvessels, especially since 1 of the patients displayed hyperperfusion shortly after birth before presenting with seizures (ie, no clinical seizures before MRI and normal electroencephalogram finding on the same day as MRI). It also is unlikely that the antiepileptic treatment has caused the growth of these additional microvessels because the same patient only received antiepileptic medication long after her brain imaging. The pathogenesis of seizures in cases of focal cortical dysplasia might be caused by hypermetabolism due to an increased perfusion of the area. These findings warrant further investigation using animal models to determine the relationship between brain perfusion, microvascular density, and seizure activity in focal cortical dysplasia.
From a clinical point of view, as demonstrated with other brain diseases, 15 to better delineate focal cortical dysplasia and other malformations of cortical development prior to epilepsy surgery, perfusion imaging by MRI might provide a useful addition to other MRI sequences and to single-photon emission computed tomography and positron emission tomography. One current limitation of today's epilepsy surgery for focal cortical dysplasia is the difficulty in exactly defining the extent of focal cortical dysplasia on MRI, which often leads to only a partial resection and lack of control of the seizure activity. Thus, developing additional tools to assist in this area is thus of utmost importance to improve the treatment of these patients. Perfusion imaging by MRI has indicated an increased perfusion in the area of focal cortical dysplasia and its vicinity, which correlates with an increased vessel count. This result can reflect a larger epileptogenic network beyond the extent of focal cortical dysplasia seen in the conventional MRI sequences and even beyond the histological areas of abnormal cellular organization. For better control of the seizures, this information also can provide a basis for why surgical removal should include not only the area of focal cortical dysplasia but potentially also the adjacent region.
The main limitation of this pilot study is the small number of patients. However, to the authors' knowledge, this study is the only such study that measures brain perfusion obtained by MRI in children with focal cortical dysplasia and that correlates this perfusion with a histopathological analysis. Absolute measurements by perfusion imaging with arterial spin labeling, despite their known limitations, 9, 16 permit the noninvasive assessment of perfusion in different regions of interest of children's brains and a comparison among these children. The current results in children with focal cortical dysplasia show the feasibility of using the arterial spin labeling method and support the addition of perfusion imaging by arterial spin labeling to the current imaging sequences performed on these patients, as well as the addition of histopathological correlation for the surgical cases, to definitively prove the authors' hypothesis in a larger number of patients. Another limitation of this pilot study is the wide range of the children's ages at the time of MRI and/or surgery. As such, both patients presented different values of cerebral blood flow throughout the cerebral hemispheres; this phenomenon is known to be related to their age difference at the time of the perfusion imaging scan. However, to draw comparisons between the 2 patients and remove the age-related variation of cerebral blood flow, the ratio of cerebral blood flow ipsilateral to the lesions versus the contralateral side was calculated. A third limitation is that CD34 labels endothelial cells but also some dysplastic neurons; however, the morphologies of these 2 types of cells are different, which permits the exclusion of the dysplastic neurons in the microvessel count. Fragmented staining was not counted as a microvessel because they could represent the fragments of endothelial cells or the edges of dysplastic neurons.
In conclusion, perfusion anomalies of focal cortical dysplasia cannot necessarily be related to epileptic activity; rather, these anomalies can be related to blood vessel alterations. Perfusion imaging by MRI is a useful way to demonstrate these abnormalities in cerebral microvessels. Further imaging and histopathological studies are needed to more accurately determine the relationship between perfusion, microvascular density, and epileptogenesis in cases of focal cortical dysplasia.
